INTRODUCTION
The amount of carbon fixed annually via terrestrial net primary productivity (NPP) or released by soil microbial respiration (Rs) is about an order of magnitude greater than the annual increase in atmospheric carbon dioxide (CO2) levels due to fossil fuel combustion [Ajtay, 1979; Houghton et al., 1992] . Seasonal changes in the balance between photosynthetic carbon fixation by land plants and microbial respiration are of a size sufficient to drive the intra-annual oscillation of atmospheric CO2 concentration [Bacastow et al., 1985; Houghton, 1987] . Either carbon fixation or respiration could be affected substantially by components of global change (e.g., warming or elevated CO2 concentrations), which raises the possibility of long- The historical climate data sets we used were compiled by Leemans and Cramer [ 1990] , who included stations with at least five years of observations during period 1930-1960. Leemans and Cramer [1990] corrected the temperatures for altitude by combination of an estimated adiabatic lapse rate with global topographic coverage. The coverage quality of the data is considered best for Europe, North America, East Asia and Japan. We interpolated the data from Leemans and Cramer [1990] from their original 0.5Ox0.5 ø resolution to 1 øx 1 o using bi-directional splining.
Vegetation Characterization
We used the characterization of vegetation type from Dorman and Sellers [1989] , modified as described in Sellers et al. [1993] . It is a simplified physiognomic classification based on the world vegetation classes of Kuchler [1983] and the land use database of Matthews [1984 Matthews [ , 1985 . We use this classification system in the CASA model for two reasons: 
Soil Carbon and Nitrogen Contents
We created global gridded data sets by mapping Holdridge [ 1967] life zone soil C and N content (g m -3) averages reported by Post et al. [1985] to their corresponding life zone categories produced by Leemans [1990] . Spatial interpolation of the resulting data sets from 0.5 ø to 1.0 ø latitude/longitude was accomplished using bidirectional splining, preceded by nearest-neighbor fill to conserve land-water boundary elements. Soil profiles used in this data set were all from natural vegetation and excluded wetlands. Post et al. [1985] considered coverage of the original data to be best for tropical and cool temperate forests; coverage is poorer over extremely wet areas, dry tundra, dry boreal and warm desert life zones.
Other Variable Definitions
Ranges of certain other model variables were estimated from the literature, as discussed below. These include leaf:root:wood C and N allocation ratios, litter and soil organic matter decomposition rates, and C assimilation efficiency of microbes. To simplify interpretations in this version of the model, we set spatially uniform values for most of these variables. As part of the modeling process, uniform rate constants related to photosynthesis and microbial respiration fluxes are adjusted for temporally and spatially resolved stress effects.
MODEL STRUCTURE

Net Primary Productivity
New production of plant biomass (NPP) at a grid cell (x) in month t is a product of intercepted photosynthetically active radiation (IPAR) and a light utilization efficiency (e) that is modified by temperature and soil moisture (equation (1)). Neither IPAR nor e is dependent on ecosystem type.
NPP(x,t) = IPAR(x,t) e(x,t)
(1)
Monteith [ 1972, 1977] For mean monthly temperatures of-10 ø C and below, Tel is set equal to zero. The basic motivation for including Tel is to reflect the empirical observation that plants in very cold habitats typically have low maximum growth rates [Chapin, 1980; Grime, 1979] Table   4 ).
The motivation for this single step calibration is that we lack the understanding to estimate e* from first principles. 
SOILM(x,t) = SOILM(x,t-1) -[PET(x,t) -PPT(x,t)] RDR For PPT(x,t) < PET(x,t) SOILM(x,t) = SOILM(x,t-1) + [PPT(x,t) -PET(x,t)] For PPT(x,t) > PET(x,t) (10a) (10b)
where PPT is average precipitation at month t, PET is potential evapotranspiration at month t, and RDR is a relative drying rate scalar for potential water extraction as a function of soil moisture
(S OILM(x,t-1)).
For months when temperature is less than or equal to 0 ø C, PET and PPT are set equal to zero and there is no net change in SOILM. During these months, precipitation accumulates as snow in a state variable PACK.
PACK is added to PPT in the first month that monthly average air temperature (T) > 0 o C. This function initiates spring snow melt.
PET is calculated with the method of Thomthwaite [1948] . Lower and upper limits for SOILM were set at wilting point (WPT) and field capacity (FC), respectively (Table 3) . These values were derived from soil texture relationships described by Saxton et Additions to SOILM that exceed field capacity are assumed to leave the grid cell as runoff. There are no grid-cell interactions in the soil moisture submodel (i.e., runoff from one cell is not transferred to an adjacent cell).
Estimated evapotranspiration (EET) is calculated for each grid cell as EET(x,t) = min { PPT(x,t)+[PET(x,t)-PPT(x,t)] RDR }, { PPT(x,t)+[SOILM(x,t-1)-WPT(x)] } For PPT(x,t) < PET(x,t)
( 1 (Table 3) .
Changes in the mineral N pool (MINn) reflect the difference between total mineralization inputs that result from N release during microbial CO2 production, and immobilization outputs needed to meet the critical C-to-N ratios of litter N pools (shown in Figure 5 ). To avoid the potential for complete depletion of N pools, we fixed the priority for potentially competing N transfers between litter, microbial, soil organic matter, and mineral pools. Table 6 ) include sources and spatial resolutions of climate and vegetation data sets used, the degree to which parameter values are calibrated to specific vegetation types, use of remote sensing observations, and detail of the soil moisture and C/N cycling submodels.
In the TEM, NPP is computed as gross primary productivity (GPP) minus respiration, using atmospheric CO2 concentrations and solar radiation drivers. It includes unitless scalars for the effects of air temperature, relative N availability, and plant phenology. In this version of the CASA model, we do not compute plant respiration, nor do we consider CO2 concentrations and N limitation explicitly as controllers of productivity. The TEM equation for N uptake is hyperbolic function of mineral N and temperature, carbon availability, and a biome-specific maximum uptake constant. Other biome-specific parameters in TEM that are not biome-specific in CASA include the timing of litterfall and microbial respiration rates. The TEM uses different climate data sources, vegetation type classification, and a finer spatial resolution (0.5 ø versus 1.0o).
The CASA soil submodel is baged on the CENTURY concept, but has been simplified for global applications. For example, the CASA version does not include optional effects of pH, phosphorus, sulfur, and atmospheric-hydrologic fluxes of nitrogen. CENTURY also includes algorithms for competition between trees and grasses for soil N.
Unlike CENTURY, but like TEM, we make no correction for differences between air and soil surface temperature. In the CASA model, the C-to-N ratios of SLOW and OLD soil pools are set according to soil texture [Zobler, 1986] , whereas in CENTURY these ratios float over a prescribed range. In both models, N is transferred in proportion to monthly NPP at the amount needed to produce the highest N quality litter possible over a prescribed range.
RESULTS
Net Primary Productivity
The CASA-Biosphere model was applied using global data inputs as described above. On the basis of monthly calculations over 14,713 non-ice terrestrial grid cells, our estimate of total terrestrial net primary production (NPP) is 48 Pg C yr -1. Over 34 Pg C yr -1, or 70% of terrestrial NPP, occurs between 30 ø N and 30 ø S latitude, in contrast to 4% at latitudes higher than 60 ø N and S (Table 7) Thus effects of temperature and water stress on our light use efficiency result in a 16% reduction of terrestrial NPP to 48 Pg C yr -1. This relatively small impact of stress on a reflects both our initial assumptions, which loaded some of water stress variability in NPP into IPAR, and the fact that high efficiencies and high IPAR values tend to co-occur. Note that all stresses on ecosystem production also show up in IPAR ( Table 8 ), and that the sum of stresses on both terms on the right hand side of equation (1) Here S is the total annual amount of PAR at the surface, z (Table   7) . .. ., ..... .-, ...... .,. ..... ..,-I .... ,-..... ., ..... +---\-r",-----, Litter and soil carbon pools (g C m -2) are greatest in mixed temperate forests (class 3, Table 9 ). Perennial grasslands (class 7) and deserts (class 11), have the lowest litter pools, both per unit area and integrated over area (Table 9) .
Turnover times of four litter-soil carbon pools (expressed as the steady state pool size divided by the sum of annual losses) are fastest for biomes found chiefly in the tropics (broadleaf evergreen forests and savanna vegetation classes) and for cultivated areas (Table 10 ). Carbon turnover in needleleaf deciduous forests and tundra is slowest.
DISCUSSION
Correlations with Atmospheric C02
As a consistency check of CASA-Biosphere model predictions, we compared our monthly NEP estimates to average atmospheric CO2 concentrations from three stations in the NOAA/Geophysical Monitoring for Climate Change (GMCC) Flask (Table 9) . One reason for this pattern is that overall litter decomposition rates can be underestimated using the fractionation algorithm shown in equation (16) 
CONCLUDING REMARKS
The CASA-Biosphere model links ecological regularity (e.g., the IPAR:NPP relationship) and process-level descriptions (e.g., effects of temperature and water on NPP and soil C and N transformations) with satellite and surface data at the global scale. The result has some limitations, but also some unique advantages. The use of an AVHRR-based vegetation index gives the model rich access to intra-annual and interannual variability, including some aspects of agriculture and land use change. Because the model emphasizes scaling at the process rather than the biome level, the results are only sparingly sensitive to the quality and quantity of data characterizing any single ecosystem type. This approach also tends to minimize impacts of structural and taxonomic variation within regions classified as a single biome.
Modeled global NPP is comparable to estimates from other recent models, and the seasonal pattern of modeled global NEP is consistent with the intraannual dynamics of atmospheric CO2. Improved validation will depend on finer scale remote sensing data and on new experimental data, concerning both ecosystem processes and the spatial and temporal distribution of atmospheric CO2.
While the CASA approach is not ideally suited for studies of land use, atmospheric, and climate change, its can contribute to efforts along those lines. The generation of models that successfully simulates response(s) of the terrestrial biosphere to changes in land use, atmospheric CO2, and climate will be likely to include components from diverse approaches. 
